The effects on the lattice parameters due to incorporation of impurities in GaN are evaluated using firstprinciples pseudopotential-density-functional calculations. Both the size effect, due to the relaxation of host atoms around the impurity, and the deformation-potential effect, due to placing free carriers in the conduction or valence band, are investigated. The incorporation of silicon and beryllium causes contraction of the lattice, while oxygen and magnesium cause expansion. Consequences for experimental observations are discussed; in particular, the presence of impurities in bulk crystals that are used as standards for the lattice parameters of GaN can have a sizable effect on the measured values.
I. INTRODUCTION
Nitride semiconductors frequently contain large concentrations of impurities, which are introduced either intentionally ͑in the case of dopants such as Si or Mg͒ or unintentionally ͑in the case of contaminants such as oxygen͒. It is well known that the incorporation of impurities can affect the lattice parameter of a semiconductor. 1 The change in lattice parameter can cause thin films to be strained, for instance when they are pseudomorphically grown on top of an undoped layer. Epitaxial nitride films usually exhibit sizable strains, 2, 3 and the incorporation of impurities has been observed to affect these strains. 4 -7 The underlying mechanisms have been a matter of debate: the observed strains could either directly result from a change in the lattice parameter, or they could be caused indirectly, for instance by an impurity-induced change in nucleation, or an interaction between impurities and extended defects. In this paper we describe a first-principles approach addressing the effect of impurities on the lattice parameters, and report results for Si, O, Mg, and Be. We will conclude that the incorporation of impurities can result in measurable changes in the lattice parameters. These changes, however, are generally too small to be directly responsible for the large changes in strain observed due to impurity incorporation ͑particularly silicon͒ in thin films.
The values reported here can actually also aid in determining the true lattice parameter of bulk GaN. Lattice parameters measured for high-pressure-grown crystals have long been accepted as the standard, but it has become clear that those bulk crystals contain high concentrations of impurities. 8 Assessing the effect of these impurities on the measured lattice parameters is therefore important.
Incorporation of dopant impurities has two distinct effects on the lattice parameters. The first effect is purely a size effect, related to the difference in the atomic radius between the impurity and the host atom which it replaces. The second effect is an electronic effect, related to deformation potentials. For instance, in the case of n-type doping, donors are contributing electrons to the conduction band. The energy of the system can therefore be lowered if the conduction-band minimum can be decreased ͑on an absolute energy scale͒. Such a shift in the position of the conduction band can occur if the volume of the material is changed; hydrostatic strain indeed leads to a change in the conduction-band minimum, with a proportionality factor given by the deformation potential. Such a strain also bears a cost, of course, because of the elastic energy associated with the deformation. This elastic energy cost, however, varies as the square of the strain, whereas the energy gain due to the deformation varies linearly with the strain; the system can therefore lower its energy by undergoing a deformation.
We have studied both the size and the deformationpotential effect on the basis of first-principles calculations. 9 We use density-functional theory within the local density approximation. 10 Overall, this computational approach has previously been successfully applied to the study of the atomic and electronic structure of a wide variety of defects and impurities in nitride semiconductors. 11 Studies using the generalized gradient approximation have produced very similar results for bulk properties as well as energetics and atomic structure of impurities and defects. 12, 13 The pseudopotentials were created using the scheme of Troullier and Martins.
14 The size of the supercells was 64 atoms for the zinc-blende structure, and 96 atoms for the wurtzite ͑WZ͒ structure. The Ga 3d states were explicitly included as valence states, using an energy cutoff of 60 Ry. We have also performed calculations in which the Ga 3d states were included in the core of the pseudopotential and the nonlinear core correction ͑nlcc͒ ͑Ref. 15͒ was used, with an energy cutoff of 40 Ry. The calculated relaxations were very similar to those obtained with full inclusion of the 3d electrons. However, the bulk bond length of GaN is underestimated by 2.8% when using the nlcc, while explicit inclusion of the 3d states leads to a bond length in essentially perfect agreement with experiment. It is therefore preferable to use the 3d results in the present work.
We have performed calculations for both wurtzite and zinc-blende structures. In general, the anisotropy observed in the wurtzite structure is small compared to the overall magnitude of the relaxations; the size effect can therefore be treated as isotropic, and the average values for the wurtzite structure are found to be very close to those for zinc blende. The isotropic approximation is actually required for the deformation-potential effect, since only an isotropic deformation potential is available.
In Sec. II we discuss how the size effect is calculated, and present results for Si, O, Mg, and Be. Section III addresses the deformation-potential effect, both for electrons and for holes. Section IV, finally, contains a discussion of how the calculated values relate to experiment. Section V concludes the paper.
II. SIZE EFFECT
The size effect can be addressed by studying the relaxations of host atoms around the impurity. Since we assume an isotropic material, we will formulate the approach for the zinc-blende structure. Let us take silicon on a gallium site as an example. Our calculations show that the nitrogen atoms surrounding the Si Ga ϩ donor relax inwards by 9.1% of the bond length ͑in the positive charge state͒. In order to determine how much the lattice parameter will change as a result of incorporating Si, we follow a procedure similar to the one described by Cargill et al.
1 for arsenic-doped silicon. The idea is to use Vegard's law ͑i.e., a linear interpolation͒ to estimate the contribution of atom-size differences to the observed lattice parameter. The end-point structures for the interpolation are pure GaN ͑0% Si͒ and a hypothetical zincblende SiN compound. The nearest-neighbor distance in this hypothetical compound is the so-called ''natural'' Si-N bond length, d SiN nat , as defined in Refs. 16 and 17:
͑1͒
where the numbers are our calculated bond lengths. The value of the bond length in the SiN compound leads to a lattice parameter a SiN ϭ4/ͱ3d SiN nat ϭ3.95 Å. The change in lattice parameter due to incorporation of a given concentration of Si atoms ͑labeled ͓Si͔͒ is then ͑note that 100% Si incorporation corresponds to ͓Si͔ϭ4.4ϫ10
cm
Ϫ3 , the experimental density of Ga sites in bulk zinc-blende GaN͒:
͑2͒
It is customary to define a parameter ␤ size which relates the fractional change in the lattice parameter to the impurity concentration:
Combining Eqs. ͑1͒, ͑2͒, and ͑3͒ we find the following expression for ␤ size :
where r is the fractional change in bond length around the impurity, which is expressed as a percentage change in Table  I . We obtain that ␤ size ϭϪ2.8ϫ10 Ϫ24 cm 3 for Si Ga ϩ in zincblende GaN. The negative sign of ␤ size indicates that adding Si atoms to the lattice results in a decrease of the lattice parameter.
The main uncertainty in this theoretical determination arises from the fact that only first-nearest-neighbor bond lengths were taken into account. The size mismatch is expected to induce distortions extending to further shells. Still, given that the relaxations are fairly modest, we think the calculated ␤ size provides a reasonable description of the size effect.
In addition to Si, we have performed calculations of the atomic relaxations around oxygen, magnesium, and beryllium impurities in GaN. The results are summarized in Table  I . The anisotropy for the wurtzite structure is very modest, and it therefore makes sense to treat the system as isotropic. The averaged relaxations are actually very close to those obtained for zinc blende, leading to the very similar values for ␤ size for zinc blende and wurtzite in Table I .
Even the size effect can in principle include an electronic contribution; indeed, the lattice relaxation around an impu-TABLE I. Effects of impurity size on host-atom relaxation and on lattice parameters for dopant impurities in wurtzite and zinc-blende GaN. ⌬d denotes the percentage of change in the distance between the nominal impurity site and its nearest neighbors, expressed referenced to the bulk Ga-N bond length. A positive value indicates displacement away from the impurity, a negative value displacement towards the impurity. For wurtzite, the symbol // denotes the direction parallel to the c axis ͓͑0001͔͒; Ќ denotes the other bond directions; and ⌬d av is the average over the four bond directions. For zinc blende, the bond-length change is isotropic ͓except for Be, where an average value ͑''av''͒ is listed, as noted in the text͔. ␤ size expresses the effect on the lattice parameter, as defined in Eq. ͑3͒. Table I shows that for Mg the nearest-neighbor relaxations for neutral and negative charge states are very similar, causing only a minor change in ␤ size .
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III. DEFORMATION-POTENTIAL EFFECT
The deformation potential effect can be derived by performing a minimization of the sum of the elastic energy cost ͑quadratic in the strain͒ and the energy gained due to lowering of the conduction band, occupied with a certain number of electrons. 18 Assuming zinc-blende material with a bulk modulus B, and a hydrostatic deformation characterized by a strain ⑀ϭ⌬a/a, the elastic energy cost is given by
The corresponding volume change ͑in the linear regime͒ is given by the trace of the strain tensor, i.e., ⌬V/Vϭ3⑀; this volume change leads to a shift in the conduction band:
where a c is the ''absolute'' deformation potential for the conduction-band minimum, as defined in Ref. 19 . The energy gained by placing an electron concentration n in the conduction band is then
Combining Eqs. ͑5͒ and ͑7͒, and minimizing the energy with respect to strain, we find ⑀ϭ ⌬a
Similar to the parameter ␤ size defined in Eq. ͑3͒, one can define a parameter ␤ e , where the subscript indicates the deformation-potential effect for electrons:
where n is the electron concentration. Note that the carrier concentration n is not necessarily equal to the donor concentration, because of compensation or incomplete ionization. Combining Eqs. ͑8͒ and ͑9͒, ␤ e can be expressed as
The bulk modulus of GaN is Bϭ2.2 Mbar. The absolute deformation potential for the valence band in GaN was calculated in Ref. 20 to be a v ϭ2.0 eV. Combined with the band-gap deformation potential, a g ϭϪ8.0 eV, this leads to a conduction-band deformation potential a c ϭa g ϩa v ϭ Ϫ6.0 eV. We thus obtain ␤ e ϭ1.5ϫ10 Ϫ24 cm 3 . This value is included in Table II . The positive sign indicates that putting electrons in the conduction band results in an expansion of the lattice.
A similar effect of course also occurs for holes in the valence band. ␤ h , the subscript indicating an effect for holes, is defined by
where p is the hole concentration. Again we point out that the carrier concentration p is not necessarily equal to the acceptor concentration; because of the large ionization energies for acceptors in GaN, the room-temperature hole concentration is typically much smaller than the acceptor concentration. ␤ h is given by
where a v is the absolute deformation potential for the valence-band maximum. With a v ϭ2.0 eV we obtain ␤ h ϭ0.5ϫ10 Ϫ24 cm 3 , the positive sign again indicating that putting holes in the valence band results in an expansion of the lattice. This value is also included in Table II .
IV. DISCUSSION
A. Silicon
Let us consider the effect of incorporating a concentration ͓Si͔ of silicon in GaN. Silicon is the most commonly used intentional n-type dopant in GaN. Again we assume that all of the silicon is residing on substitutional gallium sites, and that it is all electrically active. This allows us to combine the effects of impurity size ͑Table I͒ and deformation potentials ͑Table II͒:
with ␤ tot ϭ␤ size ϩ␤ e ϭϪ1.1ϫ10 Ϫ24 cm 3 ͑for WZ͒. Note the partial cancellation between the terms corresponding to the size effect and to the deformation-potential effect. A silicon concentration of 5ϫ10 19 cm Ϫ3 would lead to a change in lattice parameter ⌬a/aϭϪ0.000055. This value is much smaller than the changes in strain observed in Si-doped films, which are on the order of 0.001. We thus conclude that the changes in strain that are observed as a function of Si concentration in thin films 4 -7 cannot be attributed to the direct effect of the impurity on the lattice parameter. Alternative mechanisms have been discussed in Ref. 7 .
B. Oxygen
We now consider the effect of incorporating a large concentration ͓O͔ of oxygen in GaN. Since oxygen is a common unintentional impurity in GaN, this is an important case. Let us assume that all of the oxygen is residing on substitutional nitrogen sites, and that it is all electrically active. Combining the effects of impurity size ͑Table I͒ and deformation potentials ͑Table II͒:
with ␤ tot ϭ␤ size ϩ␤ e ϭ2.5ϫ10 Ϫ24 cm 3 . Note that for an oxygen concentration of 10 20 cm Ϫ3 , which is not uncommon, this leads to a lattice expansion ⌬a/aϭ0.00025, which is certainly measurable in x-ray diffraction.
High-pressure grown GaN bulk crystals exhibit a lattice parameter a between 3.1881 and 3.1890 Å. 21, 22 This material has been shown to be unintentionally doped with oxygen; 8 it indeed exhibits an n-type conductivity consistent with a donor concentration around 10 20 cm Ϫ3 . We estimated above that such an oxygen concentration would lead to an expansion ⌬a/aϭ0.00025; in other words, a would be increased by 0.0008 Å.
Bulk crystals have also been grown from solutions containing Mg; the lattice parameters of these crystals are a ϭ3.1876 Å and cϭ5.1846 Å. 21 The conductivity of these crystals is much lower than that of the unintentionally doped ͑i.e., oxygen-doped͒ material. It has been suggested that the presence of Mg in solution prevents oxygen from being incorporated in the crystals. Let us assume that no Mg or O are incorporated-or at least that their concentrations are low enough not to have a measurable effect on the lattice parameter, requiring these concentrations to be below 10 19 cm Ϫ3 . Then the measured lattice parameters for bulk crystals grown in the presence of Mg ͑let us call them a 0 ϭ3.1876 Å and c 0 ϭ5.1846 Å) would be representative of the true lattice parameters of pure GaN.
This result is consistent with various other results for bulk crystals and homoepitaxial layers grown on them. First, the lattice parameter a of ''regular'' crystals ͑i.e., unintentionally doped with oxygen͒ is between 0.0005 and 0.0009 Å larger than a 0 . Using Eq. ͑14͒, this corresponds to an oxygen concentration between 6ϫ10
19 and 1.1ϫ10 20 cm Ϫ3 , entirely consistent with the measured conductivities in these crystals. The second piece of evidence results from growing homoepitaxial GaN layers on the bulk crystals; these metal-organic chemical vapor deposition ͑MOCVD͒-grown epitaxial layers contain low enough concentrations of impurities not to affect the lattice parameter. When such layers are grown on the crystals with lattice parameters a 0 and c 0 , they exhibit exactly the same a and c lattice parameters as the underlying crystal. But when the epitaxial layers are grown on top of oxygen-containing crystals, they assume the in-plane lattice parameter a of the underlying bulk crystal, i.e., they are pseudomorphically strained. The in-plane expansion should lead to a contraction along the c axis, which is indeed observed. 21 The change in lattice parameter can be expressed using known elastic constants ͑see, e.g., Ref. 23͒; given a and c for a strained layer, it is possible to extract the unstrained lattice parameters a 0 and c 0 ͑if we assume a fixed c 0 /a 0 ratio͒. For an undoped layer grown on oxygencontaining bulk, aϭ3.1881 Å and cϭ5.1844 Å, from which we can extract a 0 ϭ3.1877 Å and c 0 ϭ5.1847 Å, in satisfactory agreement with the a 0 and c 0 values discussed above.
A final comment about the crystals grown in the presence of Mg: it is plausible that even these crystals contain a certain amount of Mg and/or oxygen; for instance, Ref. 24 reported ͓Mg͔ϭ6ϫ10
19 cm Ϫ3 and ͓O͔р6ϫ10 19 cm Ϫ3 . If the Mg and O were incorporated as isolated impurities, they would still have a measurable effect on the lattice parameter through the size effect ͑since the conductivity of the crystals is low, there should be no deformation potential effect͒. There are actually indications that Mg would preferentially incorporate near extended defects, either planar defects or tetrahedral defects; 24 the proportion of the total Mg concentration involved in these defects, and the effect of the defects on the lattice parameter are currently unknown. Another possibility is the formation of Mg-O complexes. We have performed calculations for such complexes, finding that the relaxations around the Mg and O atoms are similar to those around the isolated impurities. One last possibility is that Mg and O are incorporated into MgO clusters embedded in the GaN lattice, with unknown effects on the lattice parameter.
C. Magnesium
The p-type layers in nitride-based devices typically contain Mg concentrations up to 10 20 cm Ϫ3 ; this is necessary because the large acceptor ionization energy leads to hole concentrations about two orders of magnitude smaller than the dopant concentration at room temperature. For hole concentrations on the order of 10 18 cm Ϫ3 the deformationpotential effect is negligible. The size effect, on the other hand, can be significant for such a high acceptor concentration. Using ␤ size (Mg Ga 0 )ϭ1.5ϫ10 Ϫ24 cm 3 and ͓Mg͔ ϭ10 20 cm Ϫ3 we find ⌬a/aϭ1.5ϫ10 Ϫ4 or ⌬aϷ0.0005 Å, a measurable effect.
D. Beryllium
Beryllium leads to a contraction of the lattice, but the situation here is complicated by the fact that the relaxations around Be Ga 0 are anisotropic. 25 An additional problem is the likely presence of Be interstitials, which may also form complexes with Be Ga . 25 Few experimental investigations of Be in GaN have been reported so far ͑see the discussion in Ref.
25͒, and no experimental results for strain or lattice parameters have been reported.
V. CONCLUSION
We have presented a discussion of the impact of impurities on the bulk lattice parameters of GaN, including both the size effect ͑due to relaxations of host atoms around the impurity͒ and the deformation-potential effect ͑due to placing free carriers in the conduction or valence bands͒. Calculated values for the size effect are summarized in Table I ; results for wurtzite and zinc blende are very similar, indicating the validity of the isotropic approximation ͑with the exception of beryllium͒. Values for the deformation-potential effect are listed in Table II . The relationship of these results to experimental observations was discussed for Si, O, Mg, and Be.
Experimentally, the change in lattice parameter can of course be directly monitored using x-ray diffraction. It should also be possible to observe the effects of changes in lattice parameter using other measurement techniques, for instance photoluminescence. Indeed, the effects discussed here can lead to a fractional change in lattice constant ⌬a/a on the order of 2ϫ10 Ϫ4 or larger ͑see Sec. IV͒. Assuming, for example, hydrostatic expansion, and using known values for the band-gap deformation potential, 20 such an expansion would result in a change in the band gap of about 5 meV. Shifts of this magnitude should be detectable in photoluminescence.
We conclude that incorporation of impurities can significantly affect the lattice parameters of GaN bulk crystals and epitaxial films. Consequences for the determination of the ''true'' lattice parameter of bulk GaN have been addressed.
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